GFRα1-Deficient Mice Have Deficits in the Enteric Nervous System and Kidneys  by Enomoto, Hideki et al.
Neuron, Vol. 21, 317±324, August, 1998, Copyright 1998 by Cell Press
GFRa1-Deficient Mice Have Deficits
in the Enteric Nervous System and Kidneys
dorsal root) neurons (Buj-Bello et al., 1995; Kotzbauer et
al., 1996), PSP was found to have no survival-promoting
effects on these populations (Milbrandt et al., 1998).
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Although GDNF is a potentneurotrophic factor in vitro,*Departments of Pathology and Internal Medicine
the phenotype of mice deficient in GDNF had surpris-²Department of Neurology
ingly minor deficits in the central and peripheral nervous³Department of Molecular Biology and Pharmacology
systems. For example, no abnormalities were detected§Department of Pediatrics
in midbrain dopaminergic neurons, and only small lossesWashington University School of Medicine
of spinal cord motor neurons were found. GDNF2/2 miceSt. Louis, Missouri 63110
did have statistically significant neuronal losses in some
peripheral ganglia, including the superior cervical and
nodose (Moore et al., 1996). In contrast to these modestSummary
changes, these mice had profound deficits in the forma-
tion of the enteric nervous system, as essentially allGlial cell line±derived neurotrophic factor (GDNF) sig-
enteric neurons distal to the stomach were absent. Innals through a receptor complex composed of the Ret
addition, GDNF-deficient mice had agenesis of the kid-
tyrosine kinase and a glycosylphosphatidylinositol-
ney, with evidence of mesenchymal cell apoptotic death
(GPI-) anchored cell surface coreceptor, either GDNF during embryogenesis (Pichel et al., 1996; Sanchez et
family receptor a1 (GFRa1) or GFRa2. To investigate al., 1996). Similar deficits in renal and enteric nervous
the usage of these coreceptors for GDNF signaling in system development, as well as complete absence of
vivo, gene targeting was used to produce mice lacking the superior cervical ganglia, were also observed in mice
the GFRa1 coreceptor. GFRa1-deficient mice demon- lacking the Ret tyrosine kinase receptor (Schuchardt et
strate absence of enteric neurons and agenesis of the al., 1994).
kidney, characteristics that are reminiscent of both The biological actions of GDNF and NTN are mediated
GDNF-and Ret-deficient mice. Midbraindopaminergic through a multicomponent receptor complex. This com-
and motor neurons in GFRa1 null mice were normal. plex includes Ret and a member of a family of glycosyl-
Minimal or no neuronal losses were observed in a phosphatidylinositol- (GPI-) linked cell surface proteins
number of peripheral ganglia examined, including the (named the GDNF family receptor a [GFRa] family). The
superior cervical and nodose, which are severely af- first member of this family, GFRa1 (previously called
fected in both Ret- and GDNF-deficient mice. These GDNFRa), was identified using expression cloning to
resultssuggest thatwhile stringent physiologic pairing isolate cell surface GDNF-binding proteins (Jing et al.,
exists between GFRa1 and GDNF in renal and enteric 1996; Treanor et al., 1996). Subsequently, two additional
members of the family, GFRa2 and GFRa3, were identi-nervous system development, significant cross-talk
fied by searching EST databases for proteins homolo-between GDNF and other GFRa coreceptors must oc-
gous to GFRa1. Both GFRa1 and GFRa2 can bind tocur in other neuronal populations.
and mediate signaling of both NTN and GDNF (Baloh et
al., 1997; Jing et al., 1997; Sanicola et al., 1997; Suvanto
et al., 1997), whereas GFRa3 does not interact with ei-Introduction
ther of these factors (Baloh et al., 1998; Worby et al.,
1998). Although there is some controversy about theGlial cell line±derived neurotrophic factor (GDNF) was
extent of cross-talk between these receptors and li-originally isolated based on its ability to promote survival
gands based on results from in vitro assays, it appearsof midbrain dopaminergic neurons (Lin et al., 1993);how-
that there is some preferential pairing of GFRa1 withever, it is also a potent survival factor for motor neurons
GDNF and GFRa2 with NTN. The expression pattern of(Henderson et al., 1994) and some peripheral neurons
these two receptors and Ret is consistent with their role(Buj-Bello et al., 1995; Trupp et al., 1995). GDNF was
in mediating biological responses to GDNF and NTN inthe first identified member of a family of neurotrophic
vivo. For example, GFRa1 is coexpressed with Ret infactors, distantly related to the transforming growth fac-
the developing kidney and in the developing enterictor b (TGFb) superfamily, which also includes neurturin
nervous system (ENS) (Jing et al., 1996; Treanor et al.,(NTN) (Kotzbauer et al., 1996) and persephin (PSP) (Mil-
1996), two sites where mice deficient in GDNF havebrandt et al., 1998). These factors share many activities,
major deficits. In addition to the ENS, GFRa1 is ex-including survival-promoting effects on dopaminergic
pressed in a numberof other GDNF-responsive neuronal
neurons and motor neurons and stimulation of ureteric
populations, including midbrain dopaminergic and spi-
branching in the kidney (Vega et al., 1996; Sainio et al.,
nal cord motor neurons. It is also expressed in a number
1997; Milbrandt et al., 1998). They differ,however, in their of peripheral ganglia, including the trigeminal, nodose,
ability to support neurons from the peripheral nervous superior cervical, and dorsal root ganglia (Trupp et al.,
system. For example, while NTN and GDNF promote 1997; Widenfalk et al., 1997). In many of these locations,
survival of enteric (Heuckeroth et al., 1998), sympathetic GFRa2 is also expressed, albeit at a lower level; how-
(superior cervical), and sensory (trigeminal, nodose, and ever, it is unclear in many instances whether they are
expressed in the same cells (Bennett et al., 1998; Naveil-
han et al., 1998).‖ To whom correspondence should be addressed.
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Figure 1. Targeted Disruption of the GFRa1
Gene
(A) Schematic representation of the GFRa1
locus (top), targeting vector (middle), and ho-
mologously recombined allele (bottom). Black
boxes represent the coding exons of the
GFRa1 gene. Arrows indicate the location of
PCR primers used for detecting the mutant
GFRa1 allele. The white box indicates the
probe, which detects 4.0 kb and 7.5 kb frag-
ments of wild-type and mutant alleles, re-
spectively, that was used for Southern blot
analysis. Restriction site abbreviations: H,
HindIII; S, SmaI; B, BamHI; RV, EcoRV; N,
NotI; P, PmeI.
(B) Southern blot analysis of the parental
(RW-4) and recombinant ES cell clone (clone
38) DNAs and tail DNAs from wild-type ani-
mals (1/1) and heterozygous (1/2) and
homozygous (2/2) mutants. Genomic DNA
was digested with BamHI, transferred to
nylon membrane, and hybridized with the
32P-labeled external probe that resides just
downstream of the short arm.
(C) Northern blot analysis of brain poly(A)1 RNA from wild-type (1/1) and homozygous GFRa1 mutant (2/2) mice. Poly(A)1 RNA (1.5 mg) was
transferred to nylon membrane and hybridized with 32P-labeled GFRa1 cDNA.
In this study, we have used gene targeting to examine and homozygous null, 40 (24%); indicating that there
the biological role of the GFRa1 coreceptor. Mice homo- was no significant increase in embryonic lethality of
zygous for a null mutation in GFRa1 show striking abnor- GFRa12/2 mice. At birth, homozygous mutants were the
malities in enteric nervous system and renal develop- same size as their wild-type and heterozygous litter-
ment, reminiscent of those observed in both GDNF- and mates, responded to tail pinch, and nursed normally;
Ret-deficient mice. An examination of the central ner- however, all GFRa1 null mice died within 24 hr of birth.
vous system failed to show any obvious abnormalities; The absence of GFRa1 expression in homozygous null
in particular, there appear to be no deficits in midbrain mice was confirmed by probing RNA blots containing
dopaminergic or motor neurons. In the peripheral ner- wild-type and GFRa12/2 brain poly(A)1 RNA with 32P-
vous system, attention was focused on the superior labeled GFRa1 cDNA (Figure 1C).
cervical and petrosal-nodose ganglia, which are se-
verely affected in Ret- and GDNF-deficient mice; how- Enteric Nervous System Deficits
ever, little or no changes in neuronal number or neuronal in GFRa12/2 Mice
morphology were detected. These results strongly sug-
Dissection of newborn GFRa12/2 revealed that many of
gest that a preferential pairing of GDNF and GFRa1
them had milk in the esophagus (which is not seen in
exists in the enteric nervous system and kidney. How-
wild-type animals) and little milk beyond the proximalever, in peripheral ganglia, GDNF must be able to signal
small bowel. Given the absence of enteric neurons be-through alternative coreceptors, presumably GFRa2, as
yond the stomach in both the Ret- and GDNF-deficientlack of GFRa1 does not affect survival of neurons in
animals, it seemed likely that these observations re-these ganglia.
flected defects in the enteric nervous system (ENS) of
GFRa1-deficient mice. Microscopic analysis and immu-Results
nohistochemistry with antibodies specific for neuron-
specific enolase (NSE) demonstrated that enteric gan-GFRa12/2 Mice Die Early Postnatally
glion cells were present in the esophagus and stomachUsing homologous recombination, we generated ES cell
but not in the small or large bowel of GFRa1-deficientclones in which the first two coding exons of one of the
animals (Figures 2A±2D). Enteric neurons also expressGFRa1 alleles were deleted (Figure 1A). The targeting
the Ret tyrosine kinase, and consistent with the absenceconstruct contained a neomycin resistance cassette, a
of these neurons in GFRa12/2 animals, no Ret-express-diphtheria toxin gene (for negative selection), and 9.6
ing ganglion cells were observed in the small or largeand 1.6 kb GFRa1 fragments. Ten of 250 ES cell clones
bowel of the mutant mice (Figures 2E and 2F).harbored a properly targeted GFRa1 allele as assessed
To more readily visualize the extent of the ENS defectsby Southern analysis. Three of these clones were used
in the GFRa12/2 mutants, we examined the bowel ofto generate chimeric mice, and germline transmission
newborn mice using whole-mount acetylcholinesteraseof the mutant allele was achieved for each clone (Figure
(AChE) histochemistry, which stains cell bodies and1B). The three independently generated mouse lines
nerve fibers. AChE staining of the esophagus revealedyielded an identical phenotype. All mice heterozygous
no obvious differences between wild-type and GFRa1-for the mutant GFRa1 allele appeared healthy and grew
deficient animals; however, the stomach of GFRa12/2and reproduced normally. The genotype distribution of
mice had a striking reduction in ENS plexus density asnewborns obtained from GFRa11/2 intercrosses was as
follows: wild type, 39 (24%); heterozygous, 87 (52%); compared with wild type (Figures 3A and 3B). Although
GFRa12/2 Mice Lack Enteric Neurons and Kidneys
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Figure 2. Histological Analysis of the Enteric Nervous System in Figure 3. Acetylcholinesterase Histochemistry of GFRa12/2 Whole-
GFRa12/2 Mice Mounted Gut
(A and B) Hematoxylin/eosin staining of wild-type (1/1) colon, dem- (A and B) Wild-type (1/1) esophagus, stomach, and duodenum all
onstrating abundant ganglion cells (indicated by red arrows), and have a dense plexus of neurons, which is much reduced in GFRa12/2
GFRa12/2 colon, in which ganglion cells are not present. mice.
(C and D) Neuron-specific enolase staining demonstrates readily (C±F) A dense plexus of neurons is present in the wild-type colon
identified ganglion cells in the wall of the stomach and esophagus and terminal ileum. Although there are thick nerve fibers in the
in both 1/1 and GFRa12/2 mice. GFRa12/2 distal colon, no ganglion cells are present. Scale bars, 2
(E and F) Ret immunohistochemistry detects enteric ganglion cells mm for (A) and (B); 1 mm for (C) and (D); 100 mm for (E) and (F).
in an intense band between the muscle layers of the wild-type colon Abbreviations: E, esophagus; S, stomach; D, duodenum; TI, terminal
and small intestine, which are absent from the GFRa12/2 bowel. ileum.
Scale bars, 50 mm for (A) and (B); 200 mm for (C) and (D); 100 mm
for (E) and (F). Abbreviations: S, stomach; E, esophagus.
(Schuchardt et al., 1994). Since GFRa1 cooperates with
Ret inmediating GDNF signaling and it is also expressed
ganglion cells were clearly visible in the stomach of the in developing ureteric bud epithelia, we examined the
GFRa1-deficient mice, they were dramatically reduced excretory system of the GFRa12/2 mice. We found that
in number. Occasional neurons were also observed in newborn GFRa12/2 mice invariably have agenesis or
the proximal duodenum (within a few millimeters of the dysgenesis of the kidneys as well as empty bladders
pylorus) of GFRa12/2 mutants, but no AChE staining was with a thickened wall (Figures 4A±4E). While most of
detected in the remainder of the small bowel. AChE the homozygous GFRa1 null mice lacked both kidneys,
staining of wild-type terminal ileum and colon demon- some had evidence of unilateral or bilateral renal dys-
strated a rich plexus of interconnected ganglion cells genesis (Table 1). The frequency of agenesis versus
(Figures 3C and 3E). However, in GFRa1-deficient mice, dysgenesis was similar to that observed for Ret-defi-
no ganglion cells were visible, although large nerve fi- cient mice (Schuchardt et al., 1994). All of the rudimen-
bers extending proximally from the distal colon were tary kidneys had ureters entering the mesenchyme. In
apparent (Figures 3D and 3F). The presence of these two mice lacking kidneys, we observed blind ureters
large nerve trunks in the absence of cell bodies suggests ending in the pelvis. We also searched for renal abnor-
that these fibers arise from extrinsic innervation of the malities in GFRa1 heterozygotes, but all of the mice
gut. The presence of enteric neurons in the foregut, examined (n 5 59) had two kidneys indistinguishable
but not in the midgut or hindgut, is reminiscent of the from those in wild-type animals. This is similar to that
phenotypes of both Ret- and GDNF-deficient mice, indi- reported for Ret1/2 mice (Schuchardt et al., 1994) but in
cating that there is stringent pairing between GFRa1 sharp contrast to that observed in GDNF1/2 mice, where
and GDNF in the developing ENS. up to 30% of heterozygotes had kidney abnormalities
(Sanchez et al., 1996). The adrenal glands and compo-
Renal Agenesis in GFRa12/2 Mice nents of the urogenital system including the testes, vas
Development of the metanephric kidney is dependent deferens, ovaries, oviducts, and uteri appeared macro-
on reciprocal interactions between the ureteric bud and scopically normal (Figures 4C±4E). Histological analysis
the metanephric mesenchyme (Vainio and Muller, 1997). of the kidney rudiment showed severe dysplasia, with
GDNF is highly expressed in the mesenchyme and disorganized distribution of small numbers of nephron
GDNF2/2 mice display lack of ureteric bud branching, components, including the proximal and distal convo-
indicating that GDNF mediates a crucial inductive event luted tubules, glomeruli, and blood vessels (Figure 4F).
in the development of the ureteric bud (Pichel et al., Although the number of nephrons was small, the exis-
1996; Sainio et al., 1997). Ret-deficientmice also demon- tence of renal units that derive from the metanephric
strate renal agenesis, suggesting that this receptor me- blastema suggests that the mesenchyme retains the
ability to differentiate.diates signals important for ureteric bud development
Neuron
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Table 1. Kidney Defects in Newborn Animals
Genotype 1/1 1/2 2/2
0 Kidneys 0 0 20
1 Rudiment 0 0 9
2 Rudiments 0 0 3
2 Kidneys 26 59 0
Newborn pups were dissected and the urogenital tract was exam-
ined macroscopically to determine the renal phenotype. Numbers
of animals with the indicated phenotype are shown. The genotype
was determined using PCR or Southern blot analysis. All GFRa12/2
mice exhibited either renal agenesis (20/32, 62.5%) or kidney rudi-
ments (12/32, 37.5%). None of the GFRa12/2 mice had a normal-
appearing kidney.
Populations of CNS and PNS Neurons That Express
GFRa1 Survive in GFRa12/2 Mice
GFRa1 is highly expressed in many regions of the central
nervous system (Trupp et al., 1997; Widenfalk et al.,
1997; Golden et al., 1998; Yu et al., 1998). Of particular
interest is its high expression in the tyrosine hydroxy-
lase±positive (TH1) neurons of the substantia nigra and
inspinal cord a-motor neurons. Because GFRa1 is capa-
ble of mediating both GDNF and NTN signals in vitro,
and these factors are both potent survival-promoting
agents for midbrain dopaminergic and motor neurons,
Figure 4. Renal Defects in GFRa12/2 Mice we examined these regions in homozygous GFRa1 null
(A and B) Hematoxylin/eosin staining of sagittal sections of wild- mice. A histological survey failed to demonstrate any
type (1/1) and GFRa12/2 newborn mice, with the dorsal portion of substantial defects in the brain or spinal cord (data not
the animal appearing at the top of each photograph. Note that the shown). Immunohistochemistry with anti-TH antibodies
kidney is missing from the retroperitoneal space of the GFRa12/2 was used to examine dopaminergic neurons and their
mutant. Arrows identify adrenal glands (Ad). The bladder is shrunken
projections in the substantia nigra and striatum. No dif-in GFRa12/2 mice and is not visible in this photograph.
ferences between wild-type and GFRa12/2 mice were(C±E) Urogenital system dissected from wild-type and GFRa12/2
newborn pups. The absence of both kidneys and ureters, the most observed (Figures 5A±5D). We also examined the facial
frequent phenotype found in the mutant mice, is shown in (D). In and hypoglossal motor nuclei as well as the ventral horn
this dissection, the dorsal aorta was not removed. A female mutant of the spinal cord. No obvious losses of motor neurons
with one kidney rudiment (R) is shown in (E). More than 30% of
were apparent in any of these populations (Figures 5E±GFRa12/2 animals had one or two kidney rudiments connected by
5J). In addition, the lateral septal nucleus and olfactoryureters to the bladder. Note that the urinary bladder of the mutant
bulb, where GFRa1 is expressed in the absence of Ret,is small and is not translucent owing to the increased thickness of
the bladder wall. appeared normal.
(F) Hematoxylin/eosin staining of a dysplastic kidney. Adisorganized We next examined the peripheral nervous system, as
parenchyma that includes glomeruli (arrowhead) and convoluted GDNF and NTN promote the survival of sympathetic
tubules is observed.
and sensory neurons, including those from the superior(G±J) The metanephric blastema of E11.5 embryos. Sections con-
cervical, trigeminal, nodose, and dorsal root gangliataining the metanephric mesenchyme of E11.5 embryos were
(Ebendal et al., 1995; Trupp et al., 1995; Kotzbauer etstained using hematoxylin/eosin (G and H), and immunohistochem-
istry was performed on adjacent sections using anti-Ret antibodies al., 1996). Each of these ganglia in the GFRa1-deficient
(I and J). The ureteric bud with high expression of Ret has entered mice appeared normal in size and contained neurons
the mesenchyme of the wild-type animal, whereas no ureteric bud that had a normal appearance by conventional histologi-
is observed in the GFRa12/2 mutant. Scale bars, 2.5 mm for (A) cal staining. For quantitation, we focused on (1) thethrough (E); 250 mm for (F) through (J). Abbreviations: Ki, kidney;
superior cervical ganglia, which are virtually absent inAd, adrenal gland; Bl, bladder;Ur, ureter; Ov, ovary; Da, dorsal aorta;
Ret2/2 mice and have been reported to exhibit a 35%T, testis; R, kidney rudiment; UB, ureteric bud; WD, Wolffian duct.
reduction in neuron number in GDNF2/2 mice (Moore et
al., 1996); and (2) petrosal-nodose ganglia, which have
decreased neuronal numbers (40%) in GDNF2/2 miceIn embryonic day 11.5 (E11.5) wild-type embryos, the
ureteric bud, expressing high levels of Ret, has entered (Moore et al., 1996).
The superior cervical ganglia in GFRa12/2 mice ap-the metanephric mesenchyme (Figures 4G and 4I). How-
ever, formation of and/or penetration by the ureteric bud peared histologically normal and of equivalent size to
those in wild-type mice (Figures 6A and 6B). To confirmwas disrupted in GFRa12/2 mutants, which ledto a failure
of mesenchymal tissue condensation (Figures 4H and this visual impression, we quantified several aspects
of ganglion histology in wild-type versus mutant mice.4J). The striking similarity of the kidney defects in
GFRa12/2 mutants to those described for both Ret- and Ganglion volumes were similar (wild type, 33.4 6 7.6 3
106 mm3; GFRa12/2, 33.1 6 7.2 3 106 mm3). Soma cross-GDNF-deficient animals demonstrates that GFRa1 plays
a critical role in mediating GDNF signaling in this tissue. sectional areas were similar (wild type, 99.7 6 1.4 mm2;
GFRa12/2 Mice Lack Enteric Neurons and Kidneys
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Figure 5. Histological Analysis of the CNS in
GFRa12/2 Mice
(A±D) Immunohistochemical analysis using
tyrosine hydroxylase antibodies of the stria-
tum (A and B) and substantia nigra (C and D)
of wild-type (1/1) and GFRa12/2 mice.
(E±J) Thionin staining of the facial nucleus (E
and F), hypoglossal nucleus (G and H) (sur-
rounded by dotted lines), and sacral spinal
motor neurons (I and J) (indicated by arrows)
in wild-type and GFRa12/2 mice. Scale bars,
500 mm for (A) through (J). Abbreviations: CP,
caudate-putamen; SN, substantia nigra.
GFRa12/2, 108.51 6 1.99 mm2). Finally, profile numbers, ganglia, at least until P0. Our results are thus in contrast
to those obtained in both Ret2/2 and GDNF2/2 mice, andalthough slightly reduced in GFRa12/2 mice, were not
significantly different (wild type, 26,623 63,411;GFRa12/2, suggest that GDNF must be interacting with other GFRa
coreceptors to support these neurons.23,459 6 3,923; p . 0.05). To further assess the SCG
in GFRa12/2 mice, the innervation pattern of the SCG
sympathetic neurons was examined using TH antibodies Discussion
to stain facial blood vessels. We found that TH immuno-
reactivity was equivalent in wild-type and GFRa12/2 Cell culture studies have strongly suggested that GPI-
mice, suggesting that the sympathetic innervation of linked members of the GFRa family are required for
these structures was relatively normal in these mutant binding and signaling of GDNF family members through
mice (Figures 6C and 6D). The petrosal-nodose ganglia the Ret receptor tyrosine kinase. However, these in vitro
of wild-type animals and GFRa1 mutants were also of studies have left unresolved the requirement for a partic-
similar size (wild type, 21.3 6 3.4 3 106 mm3; GFRa12/2, ular member of the GFRa family in mediating the actions
19.3 6 3.6 3 106 mm3). Profile numbers showed no differ- of specific GDNF family ligands in vivo. This issue is
ence (wild type, 5,612 6 743; GFRa12/2, 5,233 6 1,179; particularly important because in vitro studies have
p . 0.05). demonstrated that GDNF can act either through GFRa1
These data indicate that the GFRa1 coreceptor is not or GFRa2 to induce Ret tyrosine phosphorylation (Baloh
required for survival in neurons of the SCG and nodose et al., 1997; Jing et al., 1997; Sanicola et al., 1997;
Suvanto et al., 1997). Evidence in vitro suggests that
GDNF is the preferred ligand for GFRa1, but the extent
to which GFRa1 is required for the actions of GDNF in
vivo is unknown, as GDNF could potentially act through
either GFRa1 or other members of the GFRa family.
To assess the physiological significance of GFRa1 in
GDNF-induced Ret signaling, we have compared the
deficits of mice lacking this coreceptor to mice lacking
GDNF or Ret.
GFRa1 Is Required for GDNF Regulation of Enteric
Neuron and Kidney Development
Previous studies have established the absolute require-
ment for GDNF and Ret in the development of theenteric
nervous system and kidneys. We have shown here that
GFRa1 is also essential for the development of these
Figure 6. Histological Analysis of the SCG in GFRa12/2 Mice structures. Indeed, the enteric nervous system pheno-
(A and B) Hematoxylin/eosin staining of sagittal sections of SCG in types of the Ret, GDNF, and GFRa1 null animals are
wild-type (1/1) and GFRa12/2 newborn mice. indistinguishable. For example, all three mutant animals
(C and D) Immunohistochemical analysis using tyrosine hydroxylase
show absolute losses of enteric ganglion cells in theantibodies of the major facial blood vessels of wild-type and
distal gut (small intestine and colon), whereas someGFRa12/2 mice. Blood vessels are shown by white dotted lines.
Scale bar, 500 mm. Abbreviation: Bv, blood vessel. enteric neurons remain in the proximal gut (stomach
Neuron
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and esophagus). Although GFRa2 is present in the de- to have no significant CNS abnormalities. Thus, even
veloping gut (Widenfalk et al., 1997) and neurturin can though these populations express Ret and GFRa1, and
support survival and proliferation of developing enteric can be supported by GDNF in vitro and protected from
neurons in vitro (Heuckeroth et al., 1998), there appears injury by GDNF in vivo, GDNF signaling is not required
to be a stringent pairing during development that pre- for their development and survival in vivo. In agreement
vents neurturin or GFRa2 from substituting for GDNF with this lack of developmental dependence on GDNF
or GFRa1. This presumably reflects differences in the for CNS neuronal survival, the GFRa12/2 mice reported
temporal and spatial expression patterns for GDNF fam- here have apparently normal numbers and morphology
ily ligands as well as GFRa family members. This does of neurons in the substantia nigra and in the facial, hypo-
not, however, exclude the possibility that GFRa2 can glossal, and lumbar motor pools. The lack of an obvious
mediate physiological responses to GDNF in the ENS. developmental deficit in these central neuronal popula-
An interesting feature of the gut innervation in the tions in GDNF2/2 and GFRa12/2 mice concurs with the
GFRa1 animals, not previously reported in GDNF- or general hypothesis that central neurons are not solely
Ret-deficient animals, is the presence of large fascicles dependent on one trophic factor for survival but rather
of cholinesterase-positive axons traversing the colon. are influenced and supported by multiple trophic factors
These large nerve fibers are similar to those seen in simultaneously during development (Snider, 1994).
the aganglionic bowel of humans with Hirschsprung's In contrast to the very similar phenotypes of GFRa1-,
disease (intestinal aganglionosis). These fibers presum- Ret-, and GDNF-deficient mice in the ENS, the pheno-
ably originate in the sacral preganglionic neurons that types in the peripheral ganglia, particularly the SCG, are
usually innervate this region of the gut, as has been surprisingly different. In GDNF-deficient mice, substan-
shown for similar fibers in the lethal spottedmouse (Pay- tial neuronal losses occur in the superior cervical (35%)
ette et al., 1987). These fibers are not apparent in wild- and nodose (40%) ganglia, whereas other peripheral
type animals because they have defasciculated to inner- ganglia examined have only minor losses. Intriguingly,
vate the enteric ganglion cells. In GFRa12/2 mice, which with regards to the SCG, there appears to be a striking
lack the appropriate postsynaptic target cells, these ax- difference between Ret- and GDNF-deficient mice. In
ons apparently do not receive the signals that normally the Ret mutants, the superior cervical ganglion is virtu-
trigger defasciculation.
ally absent, suggesting an absolute requirement of de-
The deficits in renal development observed in GFRa12/2
veloping SCG neurons for Ret signaling. This is clearly
mice closely resemble those found in Ret2/2 mice. For
different from that of the GFRa12/2 mice, in which the
instance, both mutants display a similar distribution of
SCG and sympathetic target innervation are apparently
bilateral versus unilateral renal agenesis and dysgene-
normal. The most likely explanation for these observa-
sis. In addition, all of the GFRa1 and Ret heterozygotes
tions is that Ret-dependenteffects on SCG developmenthave two normal kidneys, in contrast to GDNF1/2 mice,
are mediated by GDNF and/or neurturin acting via an-in which up to 30% have only one normal kidney. This is
other GFRa family member, presumably GFRa2. Ofanalogous to observations in the nervous system where
course, we cannot exclude the possibility that theselimiting quantities of trophic factors fine tune target in-
differences could be related to differences in geneticnervation (the neurotrophic hypothesis). It is surprising
background or in counting methodology.that kidney development is also governed by factors in
In summary, we have shown that GFRa1, like Ret, islimiting quantities, where instead of fine tuning an all-
absolutely required for mediating the effects of GDNFor-none inductive signal for organogenesis is required.
during renal and enteric nervous system development.Importantly, GFRa1 is coexpressed with Ret in the de-
In contrast, even though GDNF and NTN signalingveloping ureteric bud, whereas GDNF is expressed in
through Ret±GFRa complexes promotes the survival ofthe developing mesenchyme. Conversely, NTN is ex-
a variety of CNS and PNS neurons in vitro, it appearspressed in the ureteric bud and GFRa2 is expressed in
that GFRa1 function is not essential for the developmentthe mesenchyme of the developing kidney; their actions
of many of these neurons in vivo. Perhaps this reflectsare obviously insufficient to overcome the lack of GFRa1
a requirement for GDNF family ligands by mature rather(or GDNF) in supporting normal kidney development
than developing neurons. Future studies to examine al-(Widenfalk et al., 1997). These results indicate that
ternative functions of these factors in mature neurons,GDNF, a mesenchymal inducer of ureteric bud develop-
for example a determination of their role in regulatingment, signals through a Ret±GFRa1 receptor complex,
and/or maintaining a differentiated neuronal phenotype,defining yet another situation where stringent pairing
will be required to address these issues.between GFRa1 and GDNF exists. Thus, kidney devel-
opment serves as an example of how physiologic pairing
is exquisitely dependent on correct spatial and temporal
Experimental Procedures
patterns of expression.
Generation of a Targeted Mutation in GFRa1
Requirement of GFRa1 for Development of CNS Primers located at nt 73 and at nt 262 (the first nucleotide of the
initiation codon is assigned as nt 1 of the mouse GFRa1 cDNA)and PNS Neurons
were used to identify BAC (bacterial artificial chromosome) clonesExamination of several populations of Ret-expressing
containing the murine GFRa1 locus (Research Genetics). A GFRa1neurons in the CNS has revealed little or no survival
targeting vector was produced by cloning fragments of the GFRa1
requirement for GDNF during embryonic life. For exam- gene into a vector that contained a 4.6 kb fragment containing a
ple, examination of motor pools and dopaminergic mes- PGK-neo cassette and an MC1±diphtheria toxin cassette. A 9.6 kb
encephalic neurons in GDNF2/2 mice has revealed mini- HindIII/SmaI fragment, which extends from the 59 flanking region to
a site 90 nt upstream of the GFRa1 initiator Ret, was cloned 59mal or no neuronal loss, and Ret2/2 mice are reported
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to the PGK-neo cassette. A 1.6 kb EcoRV/HindIII fragment, which cell size analysis. The areas of profiles were then calculated using
NIH image version 1.61.extends from intron 2 to intron 3, was cloned 39 of the PGK-neo
cassette. The targeting vector thus replaces the first and second
exons of GFRa1 with foreign sequences. Acknowledgments
The linearized targeting construct was electroporated into the
129/SvJ embryonic stem (ES) cell line RW4 (obtained from ES Cell We thank C. Bollinger, G. Gavrilina, T. Gorodinsky, P. Lampe, and
Core laboratory, Washington University) (Simpson et al., 1997). Ho- L. Tourtellotte for excellent technical assistance; A. Gorodinsky for
mologous recombinants were selected by growth in G418 and isolation of BAC clones; and R. Baloh and W. Tourtellotte for advice
screened by PCR. Homologous recombination was verified in all and discussions. This work was supported by National Institutes of
PCR positive clones by Southern blot analysis using an external Health grants R01 AG13729 and R01 AG13730, KO8 HD01166,
probe located immediately downstream of the short arm. The tar- NINDS 51049, and Genentech. Washington University, E. M. J., and
geted ES clones were injected into C57BL/6 blastocysts and trans- J. M. may receive income based on a license to Genentech.
ferred into pseudopregnant female mice. High percentage male chi-
meras were obtained and mated to C57BL/6 females. Germline Received July 8, 1998; revised July 21, 1998.
transmission was obtained with three independent ES cell lines.
Mice heterozygousfor the mutant GFRa1 allele were mated to obtain References
GFRa1-deficient newborns. All studies were carried out on F2 mice
with a hybrid 129/SvJ:C57BL/6 background. The genotype of each Baloh, R.H., Tansey, M.G., Golden, J.P., Creedon, D.J., Heuckeroth,
newborn mouse was determined using Southern analysis or PCR. R.O., Keck, C.L., Zimonjic, D.B., Popescu, N.C., Johnson, E.M.J.,
The PCR screen was performedusing forward (59-TGGGAAGACAAT and Milbrandt, J. (1997). TrnR2, a novel receptor that mediates neur-
AGCAGGCAACAACTTCGTATAATG) and reverse (59-TAAGAACTCC turin and GDNF signaling through Ret. Neuron 18, 793±802.
CGACACAATGCCTGGCATAGACT)primers under the following con-
Baloh, R.H., Gorodinsky, A., Golden, J.P., Tansey, M.G., Keck, C.L.,ditions: initial 2 min at 948C, followed by 35 cycles (948C for 10 s;
Popescu, N.C., Johnson, E.M., Jr., and Milbrandt, J. (1998). GFRa3688C for 2 min and 30 s). RNA blot analysis to confirm the loss of
is an orphan member of the GDNF/neurturin/persephin receptorGFRa1 expression was performed as previously described (Svaren
family. Proc. Natl. Acad. Sci USA 95, 5801±5806.et al., 1996).
Bennett, D.L., Michael, G.J., Ramachandran, N., Munson, J.B., Aver-
ill, S., Yan, Q., McMahon, S.B., and Priestley, J.V. (1998). A distinctHistopathological Analysis and Immunohistochemistry
subgroup of small DRG cells express GDNF receptor componentsAnesthetized perinatal animals were sacrificed by transcardiac per-
and GDNF is protective for these neurons after nerve injury. J. Neu-fusion with PBS (pH 7.4), followed by 4% paraformaldehyde (in
rosci. 18, 3059±3072.PBS). E11.5 embryos were fixed by immersion. As necessary, whole
embryos, newborn pups,or dissected tissues were eitherembedded Buj-Bello, A., Buchman, V.L., Horton, A., Rosenthal, A., and Davies,
A.M. (1995). GDNF is an age-specific survival factor for sensory andin paraffin or cryoprotected in 30% sucrose/PBS for embedding
and freezing. For histopathological analysis, whole wild-type and autonomic neurons. Neuron 15, 821±828.
GFRa12/2 P0 pups were sectioned in the axial plane through the Ebendal, T., Tomac, A., Hoffer, B.J., and Olson, L. (1995). Glial cell
entire rostral±caudal axis. Sections were stained with hematoxylin/ line±derived neurotrophic factor stimulates fiber formation and sur-
eosin or thionin by standard procedures. Immunohistochemistry vival in cultured neurons from peripheral autonomic ganglia. J. Neu-
was performed on either frozen sections or paraffin-embedded sec- rosci. Res. 40, 276±284.
tions. The paraffin-embedded sections were boiled for 15 min in a Golden, J., Baloh , R., Kotzbauer, P., Lampe, P., Osborne, P., Mil-
buffer containing 10 mM sodium citrate (pH 6) for antigen retrieval brandt, J., and Johnson, E., Jr. (1998). Expression of NTN, GDNF
prior to staining with a polyclonal antibody against Ret (IBL) or and their receptors in the adult mouse CNS. J. Comp. Neurol., in
neuron-specific enolase (INCSTAR). Specific immunoreactivity was press.
detected after signal amplification by serial incubation with biotinyl-
Henderson, C.E., Phillips, H.S., Pollock, R.A., Davies, A.M.,Lemeulle,ated anti-rabbit or anti-sheep IgG (Jackson ImmunoResearch Labo-
C., Armanini, M., Simpson, L.C., Moffet, B., Vandlen, R.A., Koliatsos,ratories), peroxidase-conjugated streptavidin (Jackson ImmunoRe-
V.E., and Rosenthal, A. (1994). GDNF: a potent survival factor forsearch Laboratories), biotinyl tyramide (New England Nuclear), or
motoneurons present in peripheral nerve and muscle. Science 266,Cy3-conjugated streptavidin (Jackson ImmunoResearch Labora-
1062±1064.tories).
Heuckeroth, R.O., Lampe, P.A., Johnson, E.M.J., and Milbrandt, J.
(1998). Neurturin and GDNF promote proliferation and survival ofAcetylcholinesterase Histochemistry
enteric neuron and glial progenitors in vitro. Dev. Biol., in press.The gut was dissected as a single piece from the proximal esopha-
gus to the distal colon, mesenteric attachments and pancreas were Jing, S., Wen, D., Yu, Y., Holst, P.L., Luo, Y., Fang, M., Tamir, R.,
Antonio, L., Hu, Z., Cupples, R., et al. (1996). GDNF-induced activa-removed, and the tissue was postfixed in 4% paraformaldehyde for
1±2 hr at 48C. The tissues were then transferred to saturated sodium tion of the Ret protein tyrosine kinase is mediated by GDNFR-a, a
novel receptor for GDNF. Cell 85, 1113±1124.sulfate and stored overnight at 48C. The gut was then incubated in
buffer (ethopropazine HCl [Sigma] 0.2 mM, acetylthiocholine iodide Jing, S., Yu, Y., Fang, M., Hu, Z., Holst, P.L., Boone, T., Delaney, J.,
[Sigma] 4 mM, glycine 10 mM, cupric sulfate 2 mM, and sodium Schultz, H., Zhou, R., and Fox, G.M. (1997). GFRa-2 and GFRa-3
acetate 65 mM [pH 5 5.5]) for 2±4 hr. Staining for acetylcholinester- are two new receptors for ligands of the GDNF family. J. Biol. Chem.
ase was developed by incubating for 1.5 min in sodium sulfide 272, 33111±33117.
(1.25%, pH 6). Tissue was rinsed extensively with water before pho- Kotzbauer, P.T., Lampe, P.A., Heuckeroth, R.O., Golden, J.P., Cree-
tographing under a dissecting microscope. High power photomicro- don, D.J., Johnson, E.M., and Milbrandt, J.D. (1996). Neurturin, a
graphs were obtained by opening the gut along the mesenteric relative of glial-cell-line-derived neurotrophic factor. Nature 384,
border, flattening the tissue with the serosal side up, and mounting 467±470.
in 50% glycerol before photographing.
Lin, L.-F.H., Doherty, D.H., Lile, J.D., Bektesh, S., and Collins, F.
(1993). GDNF: a glial cell line±derived neurotrophic factor for mid-Neuronal Counting and Cell Size Analysis
brain dopaminergic neurons. Science 260, 1130±1132.The cervical region of wild-type and GFRa12/2 P0 pups were embed-
Milbrandt, J., de Sauvage, F.J., Fahrner, T.J., Baloh, R.H., Leitner,ded in paraffin, sectioned at 6 mm in the axial plane, and stained
M.L., Tansey, M.G., Lampe, P.A., Heuckeroth, R.O., Kotzbauer, P.T.,with thionin. Ganglion volumes, neuronal counts, and cell sizes were
Simburger, K.S., et al. (1998). Persephin, a novel neurotrophic factordetermined, and the mean and standard deviation were calculated
related to GDNF and neurturin. Neuron 20, 245±253.as described previously (Silos-Santiago et al., 1995). Five animals
of each genotype were used for the volume and profile number Moore, M.W.,Klein, R.D., Farinas, I., Sauer, H., Armanini, M., Phillips,
H., Reichart, L.F., Ryan, A.M., Carver-Moore, K., and Rosenthal, A.determinations, and two animals of each genotype were used for
Neuron
324
(1996). Renal and neuronal abnormalities in mice lacking GDNF. Widenfalk, J., Nosrat, C., Tomac, A., Westphal, H., Hoffer, B., and
Olson, L. (1997). Neurturin and glial cell line±derived neurotrophicNature 382, 76±79.
factor receptor-b (GDNFR-b), novel proteins related to GDNF andNaveilhan, P., Baudet, C., Mikaels, A., Shen, L., Westphal, H., and
GDNFR-a with specific cellular patterns of expression suggestingErnfors, P. (1998). Expression and regulation of GFRa3, a glial cell
roles in the developing and adult nervous ystem and in peripheralline±derived neurotrophic factor family receptor. Proc. Natl. Acad.
organs. J. Neurosci. 17, 8506±8519.Sci. USA 95, 1295±1300.
Worby, C.A., Vega, Q.C., Chao, H.H., Seasholtz, A.F., Thompson,Payette, R.F., Tennyson, V.M., Pham, T.D., Mawe, G.M., Pomeranz,
R.C., and Dixon, J.E. (1998). Identification and characterization ofH.D., Rothman, T.P., and Gershon, M.D. (1987). Origin and morphol-
GFRa-3, a novel coreceptor belonging to the glial cell line±derivedogy of nerve fibers in the aganglionic colon of the lethal spotted (ls/
neurotrophic receptor family. J. Biol. Chem. 273, 3502±3508.sl) mutant mouse. J. Comp. Neurol. 257, 237±252.
Yu, T., Scully, S., Yu, Y., Fox, G.M., Jing, S., and Zhou, R. (1998).Pichel, J.G., Shen, L., Hui, S.Z., Granholm, A.-C., Drago, J., Grinberg,
Expression of GDNF family receptor components during develop-A., Lee, E.J., Huang, S.P., Saarma, M., Hoffer, B.J., Sariola, H., and
ment: implications in the mechanisms of interaction. J. Neurosci.Westphal, H. (1996). Defects in enteric innervation and kidney devel-
18, 4684±4696.opment in mice lacking GDNF. Nature 382, 73±76.
Sainio, K., Suvanto, P., Saarma, M., Arumae, U., Lindahl, M., Davies,
J.A., and Sariola, H. (1997). Glial cell line±derived neurotrophic factor
is a morphogen for the ureteric bud epithelium. Development 124,
4077±4087.
Sanchez, M.P., Silos-Santiago, I., Frisen, J., He, B., Lira, S.A., and
Barbacid, M. (1996). Renal agenesis and the absence of enteric
neurons in mice lacking GDNF. Nature 382, 70±73.
Sanicola, M., Hession, C., Worley, D., Carmillo, P., Ehrenfels, C.,
Walus, L., Robinson, S., Jaworski, G., Wei, H., Tizard, R., et al. (1997).
Glial cell line±derived neurotrophic factor±dependent RET activation
can be mediated by two different cell-surface accessory proteins.
Proc. Natl. Acad. Sci. USA 94, 6238±6243.
Schuchardt, A., D'Agati, V., Larsson-Blomberg, L., Constantini, F.,
and Pachnis, V. (1994). Defects in the kidney and enteric nervous
system of mice lacking the tyrosine kinase receptor Ret. Nature 367,
380±383.
Silos-Santiago, I., Molliver, D.C., Ozaki, S., Smeyne, R.J., Fagan,
A.M., Barbacid, M., and Snider, W.D. (1995). Non-TrkA-expressing
small DRG neurons are lost in TrkA-deficient mice. J. Neurosci. 15,
5929±5942.
Simpson, E.M., Linder, C.C., Sargent, E.E., Davisson, M.T., Mo-
braaten, L.E., and Sharp, J.J. (1997). Genetic variation among 129
substrains and its importance for targeted mutagenesis in mice.
Nat. Genet. 16, 19±27.
Snider, W.D. (1994). Functions of the neurotrophins during nervous
system development: what the knockouts are teaching us. Cell 77,
627±638.
Suvanto, P., Wartiovaara, K., Lindahl, M., Arumae, U., Moshnyakov,
M., Horelli-Kuitunen, N., Airaksinen, M.S., Palotie, A., Sariola, H., and
Saarma, M. (1997). Cloning, mRNA distribution and chromosomal
localisation of the gene for glial cell line±derived neurotrophic factor
receptor b, a homologue to GDNFR-a. Hum. Mol. Genet. 6, 1267±
1273.
Svaren, J., Sevetson, B.R., Apel, E.D., Zimonjic, D.B., Popescu, N.C.,
and Milbrandt, J. (1996). NAB2, a corepressor of NGFI-A (Egr-1) and
Krox20, is induced by proliferative and differentiative stimuli. Mol.
Cell. Biol. 16, 3545±3553.
Treanor, J.J.S., Goodman, L., Sauvage, F., Stone, D.M., Poulsen,
K.T., Beck, C.D., Gray, C., Armanini, M.P., Pollock, R.A., Hefti, F., et
al. (1996). Characterization of a multicomponent receptor for GDNF.
Nature 382, 80±83.
Trupp, M., Ryden, M., Jornvall, H., Funakoshi, H., Timmusk, T., Are-
nas, E., and Ibanez, C.F. (1995). Peripheral expression and biological
activities of GDNF, a new neurotrophic factor for avian and mamma-
lian peripheral neurons. J. Cell Biol. 130, 137±148.
Trupp, M., Belluardo, N., Funakoshi, H., and Ibanez, C. (1997). Com-
plementary and overlapping expression of glial cell line±derived
neurotrophic factor (GDNF), c-ret proto-oncogene, and GDNF
receptor-a indicates multiple mechanisms of trophic actions in the
adult rat CNS. J. Neurosci. 17, 3554±3567.
Vainio, S., and Muller, U. (1997). Inductive tissue interactions, cell
signaling, and the control of kidney organogenesis. Cell 90, 975±978.
Vega, Q., Worby, C., Lechner, M., Dixon, J., and Dressler, G. (1996).
Glial cell line±derived neurotrophic factor activates the receptor ty-
rosine kinase RET and promotes kidney morphogenesis. Proc. Natl.
Acad. Sci. USA 93, 10657±10661.
